The structure of the active-site C-cluster in CO dehydrogenase from Carboxythermus hydrogenoformans includes a µ 2 -sulfide ion bridged to the Ni and unique Fe, while the same cluster in enzymes from Rhodospirillum rubrum (CODH Rr ) and Moorella thermoacetica (CODH Mt ) lack this ion. This difference was investigated by exploring the effects of sodium sulfide on activity and spectral properties. Sulfide partially inhibited the CO oxidation activity of CODH Rr and generated a lag prior to steady-state. CODH Mt was inhibited similarly but without a lag. Adding sulfide to CODH Mt in the C red1 state caused the g av = 1.82 EPR signal to decline and new features to appear, including one with g = 1. There are other potentially important differences between these structures but these will not be discussed here.
5 model 310). EPR experiments were performed using a Bruker EMX spectrometer using ER4116DM (dual mode) and ER4102ST (standard mode) cavities and an Oxford Instruments ESR900 continuous flow cryostat. CO oxidation activities are reported as υ 0 /[E] tot where υ 0 refers to initial steady-state rates (µM CO oxidized per min) in rate-vs-time plots that lacked lag periods, or to steady-state rates immediately after lag periods, in plots that contained lags.
[E] tot in µM were converted from mg/mL values by assuming molecular masses of 62,000 da for each β subunit of CODH Rr (12) and 155,000 da for each αβ dimer of CODH Mt (13) . diluted 100:1 with buffer A, and aliquots were added to CODH Rr as above, resulting in solutions with 0, 0.5, 1.0 and 2.5 µM of sulfide. These 8 solutions of CODH Rr /sulfide were incubated 30 min, and then each was loaded into a stopped-flow syringe as described (10) . The other syringe contained CO oxidation assay buffer (20 mM methyl viologen (MV) in buffer A equilibrated with 1 atm CO). Each solution was assayed for CO oxidation activity one-by-one such that the last of the 8 solutions was assayed ca. 40 min after the first was assayed. Reactions were at 30º C and monitored in PM mode with 0.15 cm pathlength at 578 nm (ε = 9.8 mM -1 cm -1 ). As a result of stopped-flow mixing, final concentrations of sulfide, CODH Rr and MV are half of those in premixed solutions.
Experiment of
6 Experiments of Figures 3 and 4 : EPR Studies. CODH Mt was freed of dithionite by passage through a column of 1.6 × 30 cm Sephadex G-25 equilibrated in buffer B (50 mM Tris-HCl buffer pH 8), then concentrated with a centricon (YM50, Millipore) and transferred to a quartz UV-vis cuvette. While monitoring at 600 nm, sufficient 1.0 mM thionin in Buffer B was added to cause the absorbance to increase (due to unreacted oxidized thionin). The protein was removed from the cuvette, concentrated using a centricon and separated into ten 130 µL aliquots of CODH Mt . One aliquot was mixed with 120 µL of buffer B and transferred to an EPR tube, affording sample a (final volume, 250 µL). A 100 mM stock solution of sodium sulfide in 0.1 N NaOH was prepared. Figure 5 : Effect of Sulfide with CODH Mt on CO Oxidation Activity. A 100 mM stock solution of sodium sulfide was prepared in 0.1 N NaOH. A portion of this stock was diluted 10:1 with buffer B and 6 -240 µL aliquots were mixed with 1074 -840 µL of buffer B and 120 µL of CODH Mt (35 nM αβ after mixing), resulting in 1.2 mL solutions with 50, 100, 200, 500, 1000 and 2000 µM sulfide. Another portion of the stock was diluted 100:1 with buffer B and 7 0 -12 µL aliquots were added to 1068 -1080 µL of buffer B and 120 µL of CODH Mt , resulting in solutions with 0, 5.0 and 10 µM sulfide. After ca. 30 min incubation, the resulting 9 solutions were assayed for CO oxidation activity as in the Figure 2 experiment except that the CO oxidation assay solution contained buffer B rather than buffer A, and reactions were monitored at 604 nm (ε = 13.9 mM -1 cm -1 ) with a 1 cm pathlength. Reversibility of Sulfide Inhibition. An aliquot of CODH Mt (10 µL of 84 µM αβ) was assayed as in the Figure 5 experiment, while the remainder (1.0 mL) was mixed with 10 µL of a freshlyprepared 600 mM stock solution of sodium sulfide in 0.1 N NaOH. After incubating for 40 min, a 8 10 µL aliquot of the resulting CODH Mt solution with 6.0 mM sulfide was assayed for activity.

The remaining solution was divided into two 0.5 mL portions, one of which was reacted with 2 µL of 40 mM freshly-made dithionite, the other of which was exposed to 1 atm CO. After incubating both for 1 hr, solutions were passed individually through columns of Sephadex G25 (1 × 15 cm for the CO-containing sample and 1 × 30 cm for the dithionite-containing sample) that were equilibrated in buffer B. Eluted protein solutions were assayed as in the Figure 5 experiment.
Sample g from the EPR experiment of Figure 3 was thawed in the glove box and mixed with 10 µL of 50 mM freshly prepared dithionite. After incubating 30 min, the result solution was passed through a 1 × 15 cm Sephadex G-25 column equilibrated in buffer B. The eluted solution was transferred into a quartz cuvette and titrated with 1 mM thionin as described for the experiment of Figure 3 . The thionin-oxidized sample was concentrated to 250 µL with a centricon unit, transferred to a clean EPR tube, sealed with a rubber septum, removed from the box and frozen immediately with LN 2 . Figure 7 : Effect of CO on Enzyme Stability. A 350 µL stock solution of 16.3 mg/mL CODH Mt was separated into 7 × 50 µL aliquots and transferred into glass tubes (5 × 45 mm, Fisher). Tubes were sealed with rubber septa (which had been stored in the box for > 1 month), then removed from the box. On a Schlenk line with needle outputs, tube headspaces were replaced with 1 atm of pre-purified-grade CO which had been scrubbed for O 2 using an Oxisorb® (Messer) cartridge. Septa were wrapped tightly with electronic tape; then tubes were transferred to an Ar-atmosphere glove box (MBraun, Inc) maintained at 4º C and at < 1 ppm O 2 . As a control, performed at various times, using a different CO-treated aliquot at each time (minimizing CO leakage caused by punctured septa). After t = 664 hrs, 20 µL of assay buffer without CO (50 mM Tris plus 20 mM MV 2+ ) was injected into the CO-treated sample which had been assayed at t = 0.
The solution immediately turned dark blue, indicating the presence of CO in that sample 664 hrs after it was prepared. In contrast, the Ar-treated control showed no evidence of turning blue indicating the absence of CO in the control sample 664 hrs after it was prepared.
Results
Adding sodium sulfide to CODH Rr attenuated steady-state CO oxidation activity ( Figure   2 ). Although there are multiple equilibria involving sulfide ions in aqueous solution at neutral pH, with HS -the predominant species (14), we will refer to all species collectively as sulfide ions.
Activities declined with increasing amounts of added sulfide ion, but not to zero activity even at the highest concentrations used. In the absence of sulfide, no lag phase was evident.
Electrochemical potentials of the CODH Rr solutions used in these experiments ranged from -210 mV to -310 mV vs. NHE. These potentials and the absence of a lag phase are consistent with the C-clusters in these CODH Rr samples being in the C red1 state at the time of injection (10).
Equivalent samples to which sodium sulfide was added exhibited a lag phase. The length of this lag increased with increasing sulfide ion concentration, reaching a maximum of ~ ½ sec.
Samples of CODH Mt were freed from dithionite and oxidized with a slight excess of thionin. In this state only the g av = 1.82 signal from the C red1 state was evident in EPR spectra .86 signal from the C red2 state. Addition of sulfide to a matched sample had no effect on this signal ( Figure 4) . Thus, it would appear that sulfide does not bind to the C-cluster in the C red2 state.
Since the EPR experiments were performed with CODH Mt , we thought it pertinent to examine the CO oxidation activity of CODH Mt in the presence of increasing concentrations of sulfide ( Figure 5 and Table 1 ). Behavior was similar to that of CODH Rr , in that sulfide inhibited catalysis without causing complete inhibition even at the highest concentrations used. Unlike the situation with CODH Rr , no lags were observed when CODH Mt was used.
To examine whether the effects of sulfide were reversible, a sample of CODH Mt was assayed for activity (measured to be 9,100 min -1 ), then incubated with sulfide and re-assayed. The resulting activity corresponded to 62% of the control activity. Efforts were made to remove the added sulfide, by reduction (using CO and dithionite) and passage through a chromatography column commonly used to remove small molecules from proteins. After this procedure, the COtreated sample had an activity corresponding to 95% of the control, while the dithionite-treated sample had an activity corresponding to 88% of the control. We conclude that the inhibitory effect of sulfide is reversible under reducing conditions. A related experiment was monitored by EPR. In this case, the g av = 1.82 signal returned after similar efforts were taken to remove sulfide. We were initially under the impression that pre-incubating the enzyme with sulfide was required for inhibition to be observed. To examine this systematically, sulfide was mixed with MV-reduced CODH Mt for 0.015, 60 and 500 sec ( Figure 6 ). Relative to the control experiment (lacking sulfide, Figure 6A ), the extent of inhibition was 69%, 66%, and 66%, respectively. These experiments show that pre-incubation is not required for inhibition of CO oxidation activity by sulfide.
For reasons that will become apparent in the Discussion section, a sample of CODH Mt was divided into aliquots; one was incubated under an Ar atmosphere and 7 under CO. All aliquots were stored anaerobically and then assayed periodically for CO oxidation activity over the course of 664 hrs. Both groups retained ~80% of initial activity ( Figure 7) . If the first data points acquired immediately after setting up the experiment are ignored, no loss of activity in either sample is evident during the following 652 hr period. We conclude that the structure of the catalytically active C-cluster is unaffected by the presence of CO -i.e. CO does not react with the enzyme and thereby inactive it.
Analysis
Results of the experiment shown in Figure 2 suggest that CODH Rr binds sulfide ion in one intermediate state of catalysis and then expels it when the enzyme progresses into another such
state. An alternative interpretation is that CODH Rr slowly catalyzes the oxidation of CO with sulfide ion bound. However, the presence of a lag phase prior to the onset of catalysis and the non-zero steady-state activity ultimately achieved discount this possibility. The lag phase indicates that sulfide binds to the enzyme prior to catalysis (during pre-incubation) in a manner that is completely inhibitory. The EPR experiments of Figures 3 and 4 indicate that sulfide binds to the C red1 state but not to the C red2 state. The non-zero steady-state activities which were eventually established in the experiment of Figure 2 indicate that the general population of inhibited enzyme molecules (in what we call the C red1 :S state) somehow activate by dissociating sulfide. The fact that post-lag steady-state activities in the presence of sulfide were less than in assays lacking sulfide ion suggests that the inhibitor sulfide associates with and dissociates from the enzyme during each catalytic turnover.
A simple model rationalizing this behavior is shown in Figure 8 . Accordingly, the Ccluster cycles between C red1 and C red2 during catalysis. 
From the data of Table 1, Substituting these values into [8] and [9] , and solving for k 1 Table 1 were substituted into [13] and the resulting relationships were solved for K I , yielding the average value 40 ± 10 nM. The value of K I was again adjusted to fit the data of Table 1 , yielding K I = 60 ± 30 µM. Thus, sulfide ion binds more tightly to CODH Rr than it does to CODH Mt . This difference in binding strength may explain the absence of a lag phase in the CODH Mt experiment. It is also congruent with the somewhat higher concentrations of sulfide required for there to be noticeable effects in CODH Mt EPR spectra than were required to observe effects in activity of CODH Rr .
Discussion
It is simplest to assume that sulfide ion inhibits CO oxidation catalysis by binding to the Ccluster in the manner evident in the structure of Dobbek et al. (2) -i.e. bridging the Ni and the unique Fe (Figure 1, left-hand side) . The ability of sulfide to bind to the C red1 state but not to C red2 suggests that CODH Ch may have been crystallized in the C red1 S state (or in the C ox or C int states, as we have no information as to whether sulfide binds these states of the C-cluster), and that the other structures may have been crystallized in more reduced states such as C red2 . Given our evidence that sulfide ion is a dissociable inhibitor, the intrinsic structure of the C-cluster would be that of Figure   1 , right-hand side.
The effect of sulfide ion on CODH activity and spectral properties are qualitatively similar to those of other anions, including cyanide, cyanate, thiocyanate, and azide ions (15) (16) (17) . Cyanide ion fully inhibits CODH's, apparently by binding to the C red1 state as evidenced by a shift in the C red1 EPR signal when CN -is added (15) . This effect can be reversed (i.e. activity recovers fully and the EPR signal converts to that from C red2 ) when CN --treated enzyme is incubated in CO for ca. 1 hr. Also, pre-treatment with CO protects the enzyme from the effects of CN -, apparently by maintaining it in the C red2 state. Thus, it appears that this anion does not bind to the C red2 state.
Thiocyanate, cyanate and azide also appear to bind C red1 but not C red2 (16) (17) . Similar to sulfide, inhibition by thiocyanate is partial (16) . This reactivity pattern common to sulfide and other inhibitory anions suggests that these other anions might also bind to the enzyme in the same manner as sulfide -i.e. bridging the Ni and unique Fe of the C-cluster.
Binding of CN -shifts the position of Ferrous Component II in Mössbauer spectra (8) which corresponds to the unique Fe of the C-cluster. This suggests that CN -binds to the unique Fe; whether it also binds, in bridging fashion, to the Ni would not have been evident from the Mössbauer experiments. With CN -bound, added CO cannot reduce the enzyme's Fe-S clusters, suggesting that CO does not oxidize to CO 2 when CN -is bound. Nevertheless, CO incubation can (somehow) accelerate the dissociation of CN - (15) . One possibility is that CO binds to the Ccluster in the C red1 state with CN -bound simultaneously, and that this binding encourages CN -dissociation (15, 18) . Initially, CO was thought to reactivate CN --inhibited CODHs noncompetitively by binding to a "modulator" site that was distinct from the C-cluster (15).
However, once it was understood that the C-cluster's spin density resided predominately on the Fe-S portion of the C-cluster rather than on the Ni, the modulator was proposed to be the Ni itself Interpreting the proton as arising from the substrate hydroxide, this suggests that CN -and OH -bind at the same site. We were initially opposed to the idea that hydroxide bridges the Ni and unique Fe, because such binding would deactivate it in terms of nucleophilicity. However, such a bridging arrangement might also be required to deprotonate water at the appropriate pK a for this reaction (i.e. coordination to Fe alone might not lower the pK a sufficiently) or it might facilitate OH -dissociation. A similar situation (water bridging two metal centers followed by deprotonation and nucleophilic attack) is evident in the enzyme arginase (20). In this case, the hydroxide ion bridging two Mn(II) ions is an effective nucleophile for the hydrolysis reaction.
The connection between inhibitory anions and the substrate hydroxyl group suggests that they might bind similarly and share additional reactivity properties. Firstly, hydroxide might also bind to C red1 (or more accurately, bind to an unnamed state of the C-cluster that becomes C red1 once the hydroxide is bound) but not to C red2 , as supported by the ENDOR study. Secondly, CO binding may promote the dissociation of bound OH -similarly to the way it promotes the dissociation of bound CN -. This situation is depicted in Figure 9 . Here, water binds in bridging mode to the Ni and unique Fe of the C red1 state. This lowers the pK a of the water to the value observed -namely 7.2 (16) and results in a bridging hydroxyl group. When CO binds to the Ni, the Ni-OH bond breaks and a terminally-bound HO-Fe species is formed. This weakly-bound terminal hydroxyl group then dissociates from the Fe and attacks the carbonyl of Ni-bound CO.
Thus, CO-induced labilization might serve to increase the nucleophilic propensity of the hydroxyl group. We find this an intriguing possibility that deserves further evaluation.
Finally, while this paper was being reviewed, another study was published by Meyer and coworkers in which the sulfide ion bridging the Ni and unique Fe in the CODH Ch C-cluster was concluded to be required for activity (21) . This conclusion was based on a correlation between the presence/absence of this sulfide in X-ray crystal structures and the activity/inactivity of other samples treated similarly. In the presence of CO, their sample lost ~100% activity in ~100 hrs whereas in the absence of CO (under an N 2 atmosphere), ~60% of initial activity remained after the 100 hr incubation. The analogous experiment performed using CODH Mt in our lab afforded significantly different results (Figure 7 ) which do not support the conclusion that CODH's are inactivated upon treatment with CO. We suspect that the absence of the bridging sulfide in their CO-treated samples arose because the C-cluster was in the C red2 state and would not support sulfide binding. The presence of bridging sulfide in samples prepared in the absence of lowpotential reductants may have arisen because the C-cluster was in the C red1 state, and sufficient sulfide was present to bind and form the C red1 :S state. The presence of bridging sulfide in the sample prepared in the presence of dithionite is more difficult to explain, in that the C-cluster should have been in the C red2 state and unable to bind sulfide. However, CODH Mt consumes dithionite spontaneously (11) raising the possibility that the dithionite-reduced sample was more oxidized than expected by the time it was exposed to X-rays. C-Cluster Structures. The structure on the left was reported for CODH Ch (2) while that on the right represents those structure reported for CODH Mt and CODH Rr (3, 4, 5) . Other differences between the four structures are not highlighted. Refer to Figure 7B of (7) for a control C red2 spectrum. EPR conditions were as in Figure 3 , Panel B. 20 Figure 5 .
CO Oxidation Activity of CODH Mt Pre-Incubated in Sodium Sulfide. Assays were performed as described in Experimental Procedures. Final concentrations of sulfide ion (in µM)
were 0, 2.5, 5, 25, 50, 100, 250, 500, 1000. Activities are given in Table 1 and the solid line is a simulation using equation [14] with K I = 60 µM. Reaction rates were determined from the linear regions of absorbance traces, including 4 -4.5 sec for 0, 2.5, 5, 25, 50, 100 µM samples, and 19 -20 sec for 250, 500, 1000 µM samples. Figure 9 .
